Composites with characteristics of anisotropic thermal conductivity for thermal management in Solar Power Satellite (SPS), to discharge the heat that was generated when solar energy was not converted to electricity were developed by alternating layers of laminated graphite and carbonized wood. The effects of the weight fraction of carbonized wood, particle size, interlayer interfaces, and environment temperature on the thermal conductivity and the ratio of thermal conductivity between horizontal and vertical directions (H/V ratio) to the plain surface of samples were discussed. The thermal conductivities of carbon-graphite (C/G) composites were measured using the laser flash method. Laminated C/G composites improved the anisotropic thermal conductivity. The highest H/V ratio of 10.17 was obtained at 10 wt% of carbonized wood. Particle size and interlayer interfaces were found to affect the anisotropic thermal conductivity. The thermal conductivity of C/G composites increased with increasing temperature from 25 °C to 150 °C.
to release heat from solar panels and microwave power transmitters in an SPS. The heat is generated when solar energy is not converted to electricity. The development of lightweight thermal conductive materials that exhibit a controlled heat flow direction is necessary in order to achieve efficient heat release.
In the SPS, the thermal conductive material will transfer the heat from the sources to enable the heat through the horizontal conduction to fins or radiators for heat dissipation.
Graphite is a potential material for this application because it meets the requirements and has an excellent thermal shock resistance and anisotropic thermal conductivity [1] [2] [3] [4] . The anisotropic characteristics are a result of the graphite structure that has carbon layers with covalent bonding within each layer and van der Waals forces between the layers [3] . Pyrolytic graphite with well-oriented graphite crystals has shown high ratios of thermal conductivity between the horizontal and vertical directions (H/V ratio) [5] [6] to the plane surface of samples. In contrast, poorly oriented natural graphite has a low anisotropy of thermal conductivity, as revealed by H/V ratios ranging from 3 to 6 [5] . Treatments at high temperatures of up to 3,000 ºC and high pressure only improved the thermal conductivity of graphite but had no effect on the H/V ratio [7] [8] . The treatments influence the increase in preferred orientation of crystallites and the growth of crystallite dimensions in the molecular scale. However, in the macro scale of graphite samples, there is no orientation of crystallite.
In this study, the anisotropic materials for thermal management in SPS for achieving the heat reduction were developed through a series of alternate layers of natural graphite and carbonized wood.
The lamination of carbonized wood, a material with disordered carbon crystallites [9] , between graphite has been used to orient graphite on the macro scale. Until now, there has been no study on the lamination of two carbon materials with different degrees of ordered carbon crystallites to improve the anisotropic thermal conductivity of a composite material. A simple heat treatment at 700 ºC under high pressure was used to prepare the carbon-graphite (C/G) composites. The temperature of 700 ºC was applied because around this point, carbonized wood is changed from an isolator to a conductor material [10] [11] . Therefore, less energy is needed in the preparation of this composite.
The development of this material opens the possibility of utilizing carbonized wood for thermal management applications. The objective of this study is to examine of the anisotropic thermal conductivity of C/G composites using the laser flash method. The effects of weight fraction of carbonized wood, particle size, and interlayer interface were investigated. The thermal conductivity of C/G composites was also measured at temperatures ranging from 25 ºC to 150 ºC under vacuum conditions, because the SPS will be used in space. In addition, scanning electron microscope (SEM) observations were performed to analyze the relationship between the morphology of the composites and the thermal conductivities. Raman spectroscopy was performed to analyze the structure of carbonized wood and graphite during the heat treatment.
Experimental

Carbonization
Sugi wood (Cryptomerial japonica) particles were carbonized at a heating rate of 4 °C/min and were then maintained constant at a temperature of 700 ºC for 1 h in Argon gas flowing at a rate of 100 mL/min in a laboratory scale electric furnace. Small flakes of 2-3 mm were shaved from commercial graphite rods (PITT Pure Graphite 2900 6B Faber-Castell, diameter: 7 mm, length: 175 mm). Both carbonized wood particles and graphite flakes were granulated using a vibration mill and sieved with wire mesh screens of 25, 32, 45, 63, and 90 μm apertures to obtain ranges of 25-32, 32-45, and 63-90 μm, which were oven dried for 24 h.
Heat treatment
A dry weight of 1 g of the materials was used to prepare samples with a diameter of 30 mm, and a dry weight of 0.08 g of the materials was used to prepare samples with a diameter of 10 mm.
Three-layer C/G composites were prepared by placing the powder into a graphite die to obtain a series of alternating layers of graphite and carbonized wood. Single layer composites (SL) of graphite (G100) and carbonized wood (C100) were also prepared. The powder in the die was then heated to 700 ºC at a rate of approximately 71 ºC/min, with a holding time of 15 min under vacuum conditions using a pulse current sintering apparatus (VCSP-II). A pressure of 50 MPa was applied from the start of the heating and was released immediately after the reaction.
To evaluate the effect of the weight fraction of carbonized wood, three-layer laminated samples containing carbonized wood from 0 wt% to 100 wt% were prepared using particles of sizes 25-32, 32-45, and 63-90 μm. To evaluate the effect of interlayer interfaces, samples with 10 wt% of carbonized wood (C/G=10/90) using particles of size 25-32 μm were formed into multilayer composites with 2, 3, 5, 7, and 9 layers.
Characterization
Density and morphology
The density of the composites was determined from their mass and volume as measured using a digital microbalance and a micrometer, respectively. The layer thicknesses of graphite and carbonized wood were measured at five positions on the samples using an optical microscope equipped with a special measurement software package called CamView. The density and layer thickness of C/G composites are shown in Table 1 . Scanning electron microscope (JEOL JSM 5310, Japan) observations were conducted in order to analyze the morphology of the graphite layer, the carbonized wood layer, and the interlayer interface area between the graphite and carbonized wood layers in the C/G composites using three particle sizes.
Raman spectroscopy
A Raman spectroscope (Renishaw inVia, England) equipped with an air-cooled CCD detector was used to analyze the carbon structure of carbonized wood and graphite before and after the heat treatment process. An argon laser (514.5 nm) was adopted as an excitation source. The laser was focused to approximately 1 μm in diameter at a power of less than 1 mW on the sample surface in order to prevent irreversible thermal degradation. Spectra were measured in the 1,100-1,800 cm -1 range. Six 30-s accumulations gave adequate signal-to-noise ratio of the spectra. The wave number was calibrated using the 520 cm -1 line of a silicon wafer. Spectral processing was performed using WiRE 2 software.
Thermal conductivity
The specific heat capacity and the thermal diffusivity of the specimens were measured by a laser-flash method using a thermal-constant analyzer (Ulvac Shinku-Riko TC-7000H, Japan). A short pulse of heat was applied to the front face of each specimen, and the thermal diffusivity was calculated from the temperature profile of the unexposed surface [12] . To observe the anisotropy characteristics of C/G composites, thermal diffusivity was measured in the horizontal and vertical directions to the plane surfaces of the samples at room temperature. Measurements of thermal diffusivity in the vertical direction were also performed at temperatures from 25 ºC to 150 ºC in air and under vacuum conditions. The thermal diffusivity was calculated as (1) where d is the thickness of the specimen and t 1/2 is the time required for the temperature of the rear face to increase to one-half of the maximum temperature. The specific heat capacity was calculated as
where Q is the absorbed quantity of heat, d is the thickness of the test piece, ρ is the density of the test piece, and ∆T 0 is the extrapolated temperature increase. The thermal conductivity was calculated using the following equation:
where ρ is the bulk density, C is the specific thermal capacity, and α is the thermal diffusivity.
Results and Discussion
Morphology
Figures 1a-f illustrates cross sectional images of three-layer laminated C/G composites obtained using an optical microscope. Due to the different light reflection behaviors, the layers of graphite and carbonized wood could be distinguished easily, because in the case of the graphite layer, the surface appeared to be brighter than in the carbonized wood layer. The presence of the carbonized wood layer resulted in the alignment of graphite layers in the horizontal direction to the plain surface of samples with quite clear interlayer interfaces. Due to the density differences, the layer thickness of graphite and the carbonized wood on sample C/G=33/67 having a similar weight fraction were significantly different, as shown in Fig. 1c .
Figures 2a-b shows SEM images of carbonized wood and graphite particles of size 63-90 μm.
The carbonized wood particle maintained the cellular structures as in the original wood. Lumens aligned parallel to the length of particle did still exist (point A in Fig. 2a ). The agglomerated particle of graphite, which is different from those in previous articles [13, 14] , consisted of fine particles of size 10-20 μm and voids, as shown by points B and C in Fig. 2b . The particle interface between the fine particles (D) was also observed. Fig. 2d ). Lumens and voids (points A and C) on these areas (E and F) were aligned similar to the particles orientation. Figure 2e shows an SEM image of the top surface of the graphite layer. The graphite particles were observed to be compacted. However, small voids appeared after heat treatment at a pressure of 50
MPa (point C in Fig. 2e ). The morphology of the graphite layer in this study, which is similar to the specimens subjected to heat treatment at 1,800 ºC and a pressure of 40 MPa [15] , is more compact than that of the carbonized wood layer, as shown in Fig. 2 (f). Figure 2 (f) also shows a rough interlayer interface between the graphite and carbonized wood layers.
Thermal conductivity
Single-layer composite of graphite and carbonized wood
The values of thermal conductivity and H/V ratio of single-layer composite (SL) of graphite (G100) and carbonized wood (C100) are presented in Table 2 . The SL of graphite had greater thermal conductivity than that of the SL carbonized wood. The thermal conductivity increased in the case of SL carbonized wood but decreased in the case of SL graphite in both the horizontal and vertical directions to the plain surface of sample with the increase of particle size. As the particle size increases, lower discontinuity occurs more frequently. Consequently, the heat flows faster in the case of larger particles than in the case of smaller particles. The increase in thermal conductivity with increasing particle size was reported in previous studies on graphite flake composites and molded carbon phenolic spheres [7, 16] . In the case of SL graphite, it has been suggested that decrease in thermal conductivity occurs due to the effect of agglomerated graphite particles [17] , as shown in Fig. 2b . The agglomerated particle of graphite introduced voids and particle interfaces that may reduce the thermal conductivity, as shown by points C and D in Fig. 2b . With the increase of agglomerated particle size, the interface area of fine particles is considered to be more extensive.
Single layer composites of both graphite and carbonized wood showed anisotropic thermal conductivity. The H/V ratios of SL graphite, which are similar to those in a previous study on natural graphite [5] , were 2-4 times higher than that of SL carbonized wood. The H/V ratios in the range from 3.63 to 4.46 indicate poorly oriented carbon crystallite in the bulk samples of SL graphite, as shown in Fig. 3 . Particle size had no effect on the H/V ratio in the SL graphite samples. In the case of SL carbonized wood, the H/V ratios were close to those of solid wood [18] . The reason for this is thought to be related to the orientation of particles and voids in the horizontal direction to the plain surface of sample, as shown by area E in Figs. 2c-d. However, in a particle of carbonized wood the heat flows uniformly in all directions due to the homogenous distribution of carbon crystallite in the cell wall of wood carbonized at 700 ºC, as reported by Ishimaru [9] . However, because of the influence of porosity and voids on the thermal conductivity [19, 20] , the heat flow becomes faster within particles in the horizontal direction, as compared to that across the voids in the vertical direction with the H/V ratio in the range of 1.65 to 2.31.
The H/V ratio in SL carbonized wood decreased with the increase of particle size. The SEM image revealed that carbonized wood particles of 63-90 μm, including lumens and voids, were oriented in the horizontal direction and in the direction at an angle of approximately 45º to the plain surface of sample, as shown by areas E and F in Fig. 2d . Therefore, with the increase of particle size, the heat flow in the vertical direction increased more significantly than that in the horizontal direction, resulting on the decrease in the H/V ratio in SL carbonized wood. Figure 3 illustrates the schematic structure of three-layer laminated C/G composites, which consists of graphite layers for both surfaces and carbonized wood in the core layer. The C/G composites were constructed of alternate layering of materials that had highly ordered and turbostratic/disordered microstructures. Although on the molecular scale graphite has a highly ordered structure, carbon crystallites were estimated to be oriented randomly in a graphite layer. Laminated composites consisting of alternate layers of graphite and carbonized wood provide horizontally aligned graphite layers in the macro scale of C/G composites. Figure 4a shows the effect of the weight fraction of carbonized wood on the thermal conductivity of C/G composites using particle sizes of 25-32, 32-45, and 63-90 μm. The presence of a carbonized wood layer with a disordered microstructure and a porous structure accounts for the decrease in magnitude of the thermal conductivity being different in the horizontal and vertical directions to the plain surface of the C/G composite samples [17] . The thermal conductivity in the horizontal direction decreased gradually from 10 wt% to 80 wt% of carbonized wood. The thermal conductivity in the vertical direction decreased sharply with the increase in the weight fraction of carbonized wood from 0 wt% to 10 wt%, followed by a slight decrease in thermal conductivity to 80 wt%. As a consequence, the anisotropic thermal conductivity of C/G composites was improved, as shown in Fig. 4(b) , compared with SL graphite and carbonized wood or natural graphite in a previous study [5] . This behavior has been suggested to be influenced by a layered structure of C/G composites, as shown in Fig. 3 . Alternate layers of graphite and carbonized wood result in good thermal conductivity in the horizontal direction within the graphite layer due to the high-order microstructure, and a poor thermal conductivity in the vertical direction due to the presence of a layer consisting of disordered microstructure between the graphite layers. Skorokhod showed that markedly different thermal conductivities of the layers resulted in the anisotropic thermal conductivity of the layered composite [21] . Therefore, even thin layers of graphite covered a thick layer of carbonized wood, as shown in Fig. 1f , and the improved anisotropic thermal conductivity of the C/G=80/20 sample was better than that of the SL graphite and SL carbonized wood.
Three-layer laminated C/G composites
The thermal conductivity of C/G composites using particles of sizes 32-45 and 63-90 μm abruptly decreased in the horizontal direction with the increase in weight fraction of carbonized wood, resulting in a sharp decrease in the H/V ratio, as shown in Figs. 4-b . These results can be explained by considering graphite and carbonized wood layers. The decrease in the thermal conductivity of the C/G composites was determined primarily by the decrease in thermal conductivity of the graphite layer related to the increase in particle size, as found on the SL graphite, due to the effect of agglomerated graphite particles (see Sect. 3.2.1). However, the H/V ratio of the graphite layer seems not to be affected by the particle size. Therefore, the decreasing H/V ratio of C/G composites related to the increase in particle size is suggested to be determined by the heat flow behavior in the carbonized wood layer. As found on the SL carbonized wood (see Sect. 3.2.1), due to the orientation of particles of sizes 32-45 and 63-90 μm, the heat flows in the horizontal direction are 2.31 and 1.66 times faster, respectively, than those in the vertical direction. This shows that with the increase in particle size, the carbonized wood layer has less anisotropic thermal conductivity. The heat flow in the vertical direction increases more significantly than in the horizontal direction. As a consequence, the use of the larger particle size in the C/G composites resulted in the reduction of the H/V ratio of thermal conductivity. Fig. 4a and Table 3 were obtained by testing different equations and using the best fit of the experimental values of the thermal conductivity in the horizontal and vertical directions. There is good agreement between the highest H/V ratio obtained by curve-fitting and experimental measurements. Therefore, the curve-fitting method can be used to estimate the optimum H/V ratio of a few samples of layered composites.
Effect of interlayer interfaces
Comparison between the thermal conductivity values of C/G composites obtained by calculation and experimental measurement, as presented in Table 3 , were used to estimate the effect of the interlayer interface. The values of the calculated thermal conductivity of the C/G composites used experimentally measured data for SL graphite (G100) and SL carbonized wood (C100). These calculations for the horizontal and vertical directions were performed using the following equations [19, 22] :
where H k and V k are the effective thermal conductivities in the horizontal and vertical directions of the C/G composites, d total is the total thickness of the C/G composites, d G and d C are thicknesses of the graphite (total of d G1 and d G2 ) and carbonized wood layers presented in Table 2 , gives no temperature decrease across the interface. The values of the calculated thermal conductivity in the horizontal and vertical directions were significantly higher than those of the experimental measurements for all three particle sizes, except for the particle size of 25-32 μm in the vertical direction.
This indicated that the differences between the values of the calculated and measured thermal conductivities are affected by the heat reduction on the interlayer interface. The reduction in the value of the experimental measured thermal conductivity is caused by the interface thermal resistance [23] .
An assessment of the effect of the interlayer interfaces on the thermal conductivity of the C/G composites is illustrated in Fig. 5a . The values of the experimental measured thermal conductivity of the C/G=10/90 sample prepared with two to nine layers are presented. The thermal conductivities in the horizontal and vertical directions decrease sharply with the increase in the number of layer from two to five, the thermal conductivity was then changed slightly with the increase in the number of layers from five to nine. The presence of interlayer interfaces influences the reduction in the thermal conductivity due to the presence of thermal resistance at the interfaces [19, 23] . SEM observation confirmed that the graphite and carbonized wood layers were separated by a rough interface, as shown in Fig. 2f . Thermal resistance can be suggested to exist at a rough interlayer interface [24] . When heat transfer occurs at the interface, heat reduction, which depends on the degree of imperfection, occurs. With the increase in the number of layers to five layers, the thermal resistance increased, and the thermal conductivity decreased. Figure 5a shows that when the number of layers exceeds five, the contribution of interlayer interfaces in reducing the thermal conductivity becomes insignificant due to the discontinuity or the imperfect layer of carbonized wood, as shown in Figs. 6c-d . Figure 5b shows that the H/V ratio of C/G composites tended to decrease with the increase in the number of layers. This can be explained by the contribution of the interlayer interface on reducing the thermal conductivity, especially in the horizontal direction, as compared with that in the vertical direction. Figure 7 shows the temperature dependence of the thermal conductivity in the vertical direction of SL graphite (G100), SL carbonized wood (C100), and C/G=10/90. The thermal conductivity of SL graphite under the vacuum condition decreased in temperature ranging from 25 ºC to 150 ºC, whereas this trend was not observed in air. The decreasing thermal conductivity of graphite is due to increased scattering of the phonons with temperature [8, 25] . In the case of SL carbonized wood and C/G=10/90, the thermal conductivity increased with temperature, which agrees with previous studies on carbonized wood and polyetherimide-carbon nanofiber composites [26, 27] , because the specific heat capacity increases with the increase in temperature. The difference in the temperature trend between graphite and carbonized wood corresponds to the crystallite size (L a ). As the crystallite size decreases, the peak thermal conductivity shifts to a higher temperature [20] . Figure 7 shows that, for the three-layer C/G composites (C/G=10/90 sample), the carbonized wood layer increased the thermal conductivity of the composites.
Thermal conductivity at temperatures ranging from 25 ºC to 150 ºC
Thermal conductivities in air were larger than those under vacuum conditions, as shown for the C/G=10/90 sample using particles of size 63-90 μm. Particles of size 63-90 μm oriented in the vertical direction retain their cellular structure of wood. Under vacuum conditions, the lumens become insulations because the heat transfer by air disappeared. Consequently, the thermal conductivity diminishes. In contrast, there were no differences between the values of thermal conductivity measured in air and those measured in a vacuum on C/G composites prepared using particles of size 25-32 μm. Therefore, the H/V ratio of C/G composites using particles of size 25-32 μm in a vacuum can be predicted to be similar to that in air.
Raman Spectroscopy
Figures 8a-b shows Raman spectra in the 1,100-1,800 cm -1 region of graphite and carbonized wood before and after heat treatment. All of the curves exhibited two Raman bands, which are described as G and D bands. The G band corresponds to the E 2g vibrational modes, and the D band is assigned to a breathing mode of A 1g [28] . The D band accounts for the presence of a defect or structural disorder, and the G band for the graphitic order. Graphite showed narrow Raman G and D bands, whereas broader Raman bands were found for carbonized wood. This shows that graphite and carbonized wood had different microstructures as highly ordered and disordered/turbostratic, respectively. The spectra of graphite and carbonized wood were consistent with the spectra of commercial graphite and black graphite [29] [30] as well as a previous spectrum of carbonized wood [9] , respectively.
Raman spectroscopy studies have shown that heat treatment affected the structure of carbonized wood, as shown in Fig. 8a . After heat treatment, the full width at half maximum (FWHM) of G bands and intensity ratios of I d /I g increased slightly from 56 cm -1 to 62-63 cm -1 , and from 0.50 to 0.56-0.57, respectively. The FWHM of D bands decreased from 119 cm -1 to 113-116 cm -1 , except on samples of particle sizes of 25-32. These values can be interpreted as indicative of the carbonized wood becoming slightly more structurally disordered due to the heat treatment. In the case of graphite, the heat treatment in the present study had no structural effects. Figure 8b shows the positions of the Raman G and D bands, the FWHM of the G bands and the intensity ratios of I d /I g of graphite were similar before and after heat treatment, as observed at approximately 1,580 cm -1 , 1,354 cm -1 , 21 cm -1 , and 0.22, respectively, which is consistent with the results of a previous study [29] .
An empirical formula developed by Tuinstra and Koening [28] was used to determine the crystallite size or coherence length (L a ) from Raman peak data for graphite and carbonized wood: 
The heat treatment caused the L a of carbonized wood to decrease from 87 Å to approximately 76 Å with increasing I d /I g . For disordered carbon material, the ratio I d /I g is often reported to be inversely proportional to the L a of the graphene units [29] . In the case of graphite, L a was found to be constant at approximately 200 Å before and after the heat treatment, which is similar to the value reported in a previous study [30] .
Conclusions
Alternate layers of graphite and carbonized wood improved the anisotropic thermal conductivity of C/G composites. The weight fraction of carbonized wood related to layer thicknesses affected the thermal conductivity and the H/V ratio. The highest H/V ratio of 10.17 was obtained at 10 wt% of carbonized wood particles with a size of 25-32 μm, which showed good agreement with the ratio determined by curve fitting. The influence of particle size on the thermal conductivity and the H/V ratio was found to be determined by the use of agglomerated particles of graphite and the morphology of carbonized wood layer. The interlayer interface of graphite and carbonized wood affected the reduction of thermal conductivity and the H/V ratio. The thermal conductivity of C/G composites increased in the temperature range of from 25 o C to 150 o C. The values of thermal conductivity of C/G composites using particle sizes of 25-32 μm measured in air were not significantly different than those measured under vacuum conditions. In the case of a particle size of 63-90 μm, the thermal conductivity measured in air was higher than that measured under vacuum conditions. Heat treatment caused carbonized wood to become more structurally disordered, but in the case of graphite had no structural effects.
The alternate layered composites of two-phase components, such as graphite and carbonized wood, may lead to thermal management applications, for example, in an SPS. Improved thermal conductivity is necessary in order to obtain an effective thermal conductive material. SEM images of a single particle of carbonized wood with the size of 63-90 μm that exhibits lumens (A); b single agglomerated particle of graphite with the size of 63-90 μm that consists fine particles (B), voids (C) and particle interface (D); c cross section of carbonized wood layer in C/G composites using particle size of 25-32 μm with voids (C) occurred that was oriented perpendicular (E) to pressure direction (vertical arrow) and d that of using particle size of 63-90 μm that show broken particles (E) and not much broken particles (F) oriented perpendicular and in an angle around 45º to the pressure direction (vertical arrow), respectively; e surface area of graphite layer that exhibits voids (C); f interlayer interface area of between graphite and carbonized wood Thermal conductivity in the vertical direction as a function of temperature. Samples used particle size of 25-32 μm: circles, C/G=10/90; triangles, SL graphite (G100); diamonds, SL carbonized wood (C100); except: squares, C/G=10/90 used particle size of 63-90 μm. Filled symbols, measurement in air; open symbols, measurement under vacuum conditions. The meaning of samples names is given in Fig. 1 caption 
